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Introduction
Scanning dual laser systems [1] have proven as valuable tools for time-resolved sampling in applications like optical pump-probe [2, 3] or THz time domain spectroscopy [4, 5] . In these systems, the time delay between two pulse trains emitted by mode-locked laser oscillators is generated by modulating the resonator length instead of using a mechanical optical delay line. This allows to achieve very high scan rates in the kHz range of the time delay window. Using two lasers with slightly detuned repetition rates gives rise to a time delay increment between successive pulse pairs. The probe pulse samples the time delay window until the pulses coincide again after the scan time T scan = 1/∆ f , defined by the repetition rate offset frequency ∆ f . This technique is referred to as asynchronous optical sampling (ASOPS) [2, 6] and can be seen as the optical counterpart to the equivalent time sampling method. The time delay increment is given by ∆τ = (∆ f )/( f R · ( f R + ∆ f )) ≈ (∆ f )/( f 2 R ), [7] . Increasing the laser repetition rate f R allows for larger repetition rate offset frequencies ∆ f , reducing the measurement time T scan , but keeping the time delay increment constant. Important to note is the quadratic dependency of ∆τ on the repetition rate. Therefore, increasing the repetition rate by a factor of 10 allows to increase the repetition rate offset by a factor of 100 and keeping ∆τ constant. The time delay window is given by T W = 1 f R . Thus, a high repetition rate results in a shorter time delay window. Fig. 1 shows the scan rate versus the length of the time delay window for different systems using ASOPS [3, 7-9] and ASOPS-related configurations [10] [11] [12] [13] [14] [15] . For applications like terahertz time-domain spectroscopy (THz-TDS), a time window of only a few tens of ps is often sufficient. When using a low repetition rate ASOPS system, for example, 80 MHz, most of the time window of 12.5 ns does not contain useful information of interest. Electronically controlled optical sampling [10] [11] [12] circumvents this by scanning only a part of the time delay window, but special care must be taken for synchronizing of the scanning time-delay generation and data acquisition. In this work an ASOPS system based on femtosecond lasers with repetition rates of 10 GHz is implemented, compare Fig. 1 . The high repetition rates allow for scan frequencies of up to 200 kHz of the 100 ps long time window corresponding to a scan speed of 20 ps µs , however for practical reasons a scan speed of 100 kHz is typically used. Figure 1 also shows the relationship between offset frequency and time-delay resolution for different repetition rates of ASOPS systems. Using high scan speeds of dual-scanning laser systems can allow to reduce the total measurement time. Beside the general benefit of a short data acquisition time this can allow for measurements on the sub-second timescale as for example monitoring of hydration dynamics [16] or spectroscopy ∆τ = 2 fs ∆τ = 10 fs ∆τ = 100 fs on magnetic fields [17] . Another application which benefits from the high repetition rate is the resonant excitation of nanostructures for determining lifetimes of acoustic modes with ultra-high Q factors. If the phonon life time exceeds the time-delay window, it is difficult to extract correct phonon life times. However, driving the mode resonantly and increasing the amount of energy stored in the oscillation allows to extract the quality factor by measuring the enhancement factor as a function of driving frequency. This has been demonstrated driving a silicon membrane on the 19 th subharmonic [18] and for electrical driving on the 7 th subharmonic of a microcantilever system [19] . By decreasing the sub-harmonic order by increasing the repetition rate enhances this effect greatly since less energy can be dissipated before the next excitation pulse arrives.
10 GHz Asynchronous optical sampling setup
Establishing an ASOPS measurement scheme requires careful synchronization of the repetition rate offset between the deployed laser oscillators. The setup used for synchronizing two Ti:sapphire oscillators with 10 GHz is shown in Fig. 2 . The implementation of the repetition rate offset stabilization is based on an earlier design for an ASOPS system using 1 GHz repetition rate oscillators [20] however several changes have become necessary at 10 GHz repetition rate due to the limited availability and cost of equivalent components in the high-frequency RF regime. The core part of the whole system are two Ti:sapphire femtosecond lasers with 10 GHz pulse repetition rate [21, 22] colocated in a common unibody aluminum housing. Both lasers operate at a central wavelength of about 780 nm and deliver about 600 mW of output power. The Fourier-limited pulse duration is ≈ 60 fs. Each laser is equipped with a set of two piezo-electric transducers (PZTs) with ≈ 1 kHz and 10 kHz bandwidth for active cavity length stabilization. The output-coupling mirror is mounted on a piezo-actuated stage for repetition rate tuning. The tuning range while the laser is mode-locked is up to ±30 MHz.
The setup allows for an active electronic stabilization of the repetition rate offset and the absolute repetition rate of the two oscillators. For this purpose a small portion of the output power is split of using the beam splitters BS1/BS3 and BS2/BS4 and focused onto two GaAs photodetectors with a 3 dB bandwidth of more than 12.5 GHz. Another part of the light from each laser is used for the generation of an optical trigger signal. The band-pass filters BP1 and BP2 following the photodiodes PD1 and PD2 isolate the fundamental repetition rate signals at f R and f R + ∆ f . These signals are used to generate coherent error signals corresponding to any deviations from the desired repetition rate f R,set = 10 · f synth and ∆ f set for the absolute and offset repetition rate stabilization respectively. The oscillators running at repetition rates f R and f R + ∆ f will serve as pump and probe laser for pump-probe experiments and are referred to as "master" and "slave" laser in the following description.
In the master signal path the signal is split again and fed into a frequency divider and a subsequent band-pass BP3 reducing the frequency to one tenth of the master repetition rate. This step is necessary because the maximum input frequency of the following direct-digital-synthesis (DDS) devices is limited to ≈ 1 GHz. DDS1 is configured to output a fixed output frequency of f DDS = 400 MHz whereas DDS2 has an output frequency of f DDS − ∆ f set . The signals of DDS1 and DDS2 are then mixed at M2 and M3 with the master repetition rate signal and the slave repetition rate signal. The band-pass filters BP4 and BP5 filter the upper sideband of both mixers which results in signals with the sum of the input frequencies. A final mixing step at mixer M4 substracts these two signals removing the influence of f R and f DDS and provides the error signal which is proportional to ∆ f − ∆ f set . The error signal is fed into a feedback unit to complete the phase-locked loop keeping the repetition rate offset between the oscillators stabilized. This unit consists of a PI-filter, a frequency diplexer to distribute the servo signal to the the fast and slow PZTs inside the laser cavity and a high-voltage amplifier. A second feedback unit is available to stabilize the absolute repetition rate of the master oscillator. For the error signal generation the divided signal at f R /10 is mixed at M5 with a local oscillator signal at f synth provided by a frequency synthesizer.
The light reflected at the beam splitters BS1 and BS2 is used for ultrafast time-domain spectroscopy in particularly laser induced transient transmission and reflectivity changes as well as terahertz generation and electro-optical sampling. In all conducted experiments the probe beam is detected by a photoreceiver with 125 MHz AC bandwidth and 50 kHz DC bandwidth. Measuring the ratio of AC and DC signal can be used to obtain the differential transmission ∆T/T or reflectivity ∆R/R if necessary. The analog signals are digitized using a 1 GS/s A/D converter with 12-bit nominal resolution. As ASOPS is usually combined with multi-transient averaging as noise reduction technique, a precise temporal stacking of the acquired pump-probe transients is paramount. For this purpose an optical trigger signal is generated by means of a cross-correlation between the master and slave laser at the photoreceiver PD3. A minimum of 50 mW per laser is split of at the beam splitters BS2 and BS4. One beam traverses a variable delay line to delay the pulses with respect to the other laser. This allows to shift the measured pump-probe signal within the time-window by tuning the relative temporal delay between the trigger and measurement signal. The beams are then non-colinearly focused onto a 2 mm long bismuth triborate (BiBO) crystal which is cut for type-I critical phase matching. In the crystal the sum frequency between both lasers is generated. The non-collinear geometry offers the advantage of having a background free signal where the fundamental frequency and residual second harmonic generation can be blocked by an aperture behind the crystal. The single-shot signal-to-noise ratio of the trigger signal is 25 dB when using 50 mW of power per laser which is sufficient for reliable triggering and averaging of the acquired single-shot transients.
Characterization of the system performance
An important difference of ASOPS based time-domain spectroscopy compared to single oscillator based systems is the way the time-axis is calibrated. Converting the sample number given by the A/D converter into a time delay ∆τ assumes a constant repetition rate offset ∆ f . Despite the PLL enforced stabilization of the repetition rate offset a residual jitter of ∆ f due to the finite loop bandwidth remains. The residual jitter is caused by the relative phase noise between both oscillators and should be smaller than the laser pulse length to avoid distortions of the measured transients. This effect is studied in two different ways. A sum-frequency generation setup with the same geometry as the optical trigger shown in Fig. 2 is used to measure the effect of timing jitter on the cross-correlation signal between both oscillators. Both oscillators are locked to ∆ f = 100 kHz using a master repetition rate of f R = 9.980 91 GHz as described in the previous section. The only difference between the two sum-frequency generations is the lack of the variable delay line and the use of a 250 µm long BiBO crystal in the characterization setup.
The measured cross-correlation signal is shifted through the time window of 100 ps by shifting the variable delay line in the optical trigger with a 25 µm increment. The width of the correlation is determined and the change of the correlation width is shown in Fig. 3(a) . The correlation broadens from 160 fs by an average of about 7 fs at the end of the time window. This value is well below the Fourier-limited pulse duration of 60 fs and will not lead to significant signal distortions. At an offset frequency of 100 kHz corresponding to 10 µs single-shot acquisition time the oscillators are effectively free running as the bandwidth of the intracavity-PZTs is at least one order of magnitude smaller.
To further study the timing jitter the relative phase noise between both oscillators has been measured and is shown in Fig. 3(b) . A part of the signal from both photodiodes (see Fig. 2 ) PD1 and PD2 is split to generate an out-of-loop signal for characterizing the offset synchronization of the lasers. A variable phase shifter is used in order to use the following double balanced mixer M1 in the linear regime where the output is proportional to sin(∆φ(t)) ≈ ∆φ(t) for small phase fluctuations. If the offset ∆ f between both lasers is synchronized to zero frequency the out-of-loop signal can be used to measure the relative phase noise between both oscillators. The out-of-loop signal is analyzed by two signal analyzers with a bandwidth from DC to 102.4 kHz and from 100 kHz to 10 MHz respectively. Both signals have been stitched together in Fig. 3(b) . The phase noise spectrum exhibits a flat baseline up to 1 kHz before starting to fall of with a 1/ f -behavior. A clear influence of AM to PM-conversion from pump laser amplitude noise is visible as distinct peaks in the noise spectrum. A lower correlation broadening could be achieved by either using faster PZTs or by reducing the relative phase noise between both lasers. The most relevant part of the spectrum lies above the repetition rate offset as this part directly affects the time calibration during the acquisition of a single transient. Therefore using high repetition rate offsets is advantageous due to the smaller phase noise at high frequencies.
Using high repetition rate offsets also improves the measurement speed. As the time increment scales inversely quadratic with the repetition rate f R up to 100 times faster measurement speeds compared to 1 GHz systems while maintaining the same time increment can be achieved. However the requirements concerning A/D converters and detection bandwidth increases as well. Figure 3 (c) shows the measured differential reflectivity noise floor versus measurement time of a 10 GHz and a 1 GHz system in comparison. For both measurements 5 mW of optical power have been measured by a 125 MHz bandwidth Si-photoreceiver leading to identical shot-noise for both systems. Both systems operate close to the shot-noise limit. Residual low-frequency amplitude noise of the oscillators limits reaching the shot-noise limit. For long measurement times the noise reduction no longer follows a ∝ 1/ √ N behaviour where N is the number of averaged transients. The reason for this deviation is the technical noise of the A/D converter which dominates the noise floor for long measurement times. For the 10 GHz system a low noise floor can be reached within a shorter measurement time. This is can be understood by the fact that the same shot noise voltage is sampled and averaged using 10 µs long segments for the 10 GHz ASOPS system and 1 ms long segments for the 1 GHz ASOPS system. However the present system is limited by the trigger dead time of the used A/D converter which is 4 µs. Due to the trigger dead time only every second transient is acquired increasing the theoretical possible measurement time by a factor of two. Performing terahertz time-domain spectroscopy at high repetition rates is an interesting application [4, 24] as the relevant time window usually only covers a few tenth of picoseconds and a 10 GHz frequency resolution is still sufficient for many samples. The high scan rate is also advantageous for experiments on two time scales using the setup for kinetic terahertz absorption spectroscopy [25] .
Terahertz time-domain spectroscopy
To test the 10 GHz ASOPS system a simple terahertz time-domain spectrometer has been set up. 300 mW optical power of the pump beam was focused down to a 60 µm spot size on a large area LT GaAs photoconductive emitter [26] . The generated terahertz radiation is collected and focused on a 500 µm thick zinc-telluride (ZnTe) crystal with a pair of 1 off-axis parabolic mirrors with a f-number of 1. The probe beam is overlapped through a hole in the focusing mirror on the ZnTe crystal. The used probe power is 300 mW. A quarter wave-plate and a polarizing beam splitter cube conclude the unbalanced electro-optic sampling setup before focusing 5 mW of the transmitted probe light onto the detector. The total length of the terahertz beam path is 20 cm. For all THz measurements the master repetition rate was f R = 10.0 GHz and the repetition rate offset was locked to ∆ f = 100 kHz. Figure 4 (a) shows a single acquired terahertz pulse. The setup has been purged with dry synthetic air to reduce water absorption. The power spectrum of this terahertz pulse is shown in Fig. 4(b) . The measurement time was 204.8 seconds and the achieved dynamic range is 67 dB. The spectrum shows a terahertz spectrum spanning from almost DC up to 4 THz. The steep decline of the terahertz power starting at 2.5 THz is due to the nonlinear response function of the used ZnTe-crystal as the group and phase velocity matching condition is no longer fulfilled [27] .
Verification of the terahertz spectrometer is done by measuring the absorption spectrum of water vapor [28] . A terahertz spectrum was acquired at room temperature (296 K) with 42 % relative humidity at 965 hPa ambient pressure. The errors of these parameters are ±1 K, ±2 % and ±5 hPa respectively. The absorption coefficient α is retrieved from the complex Fourier spectra of the sample and reference measurement. The measured absorption coefficient is plotted in Fig. 5 in the upper part of the axis of the ordinate and a HITRAN spectrum on the lower part. The HITRAN spectrum has been calculated using the equations given in [23] and the latest version of the database has been used. For the parameters given above the linewidth of the water absorption lines is on the order of 5 to 10 GHz and is therefore on the same order as the frequency resolution of the setup. A single absorption line is therefore sampled by only one line of the terahertz frequency comb generated by the photo-conductive emitter. Depending on the absolute . Measured absorption spectrum of gaseous methanol (CH 3 OH) in a 5 cm long gas cell at 133.5 hPa. A comparison with the HITRAN spectroscopy database [23] up to 1 THz is shown and with the JPL database [29] which provides data also for frequencies above 1 THz.
value of the frequency comb line frequency the absorption line is not sampled at the center of the line which leads to deviations in the measured absorption coefficient. At frequencies above 2.5 THz the dynamic range of the spectrometer starts to decrease which further limits the ability to resolve and quantifiy the absorption coefficient correctly. Despite these limitations almost all lines predicted by the HITRAN calculations are resolved by the THz-TDS setup. Methanol (CH 3 OH) in its gaseous state is of high importance for astronomic studies of the interstellar medium e.g. in dark clouds [30] and for atmospheric trace gas sensing [31] . A compact gas cell with 5 cm path length and wedged TPX windows is added to the setup in the collimated THz beam path between the off-axis parabolic mirrors. The cell is filled with 1 ml of liquid methanol and then pumped down to remove air and water vapor from the cell forming a closed system of liquid and gaseous methanol. The gaseous methanol has a vapor pressure of 133.5 hPa at 293.5 K. Figure 6 shows the measured absorption spectrum of gaseous methanol. The measured spectrum is compared to the HITRAN database and the molecular spectroscopy database of the Jet Propulsion Laboratory (JPL) [29] as the HITRAN database does not cover the entire measurement bandwidth. The JPL database lists no parameters for pressure and self broadening, therefore these parameters have been taken from the HITRAN database as they are listed as constant for all lines. For the calculation ∼ 11000 lines with a line strength of more than 3.3 × 10 −23 cm −1 /(molecule /cm 2 ) have been included. The resulting spectrum is in good agreement with the measured spectrum and the calculated HITRAN spectrum. Due to the pressure broadening of the absorption lines a continuous absorption background is present with some strong absorption lines sticking out of the absorption background. Resolving absorption features at low methanol pressures could be achieved by sweeping the repetition rate of the pump laser and tuning the generated THz frequency comb to the gas absorption lines of interest [32] .
Pump-probe spectroscopy in semiconductor superlattices
Coherent acoustic phonons in GaAs/AlAs semiconductor superlattices have been studied extensively in order to investigate picosecond ultrasonics by means of pump-probe spectroscopy [33, 34] . The dispersion of acoustic phonons in a superlattice exhibits a back-folding to a miniBrillouin zone which is formed due to the periodicity of the structure. Upon laser excitation this leads to the formation of high-frequency back-folded longitudinal acoustic phonons. In [33] the excitation and detection mechanisms have been identified as impulse stimulated Raman scattering and the acoustic deformation potential respectively. The generation and detection efficiency scales with the pulse energy of the pump and probe laser respectively [35] . Despite this strongly reduced efficiency, the 10 GHz ASOPS system is a very interesting system for pump-probe experiments for acoustic phonon cavities based on GaAs/AlAs superlattices [35] as the high pulse repetition rate could allow for sub-resonant or even resonant driving of the acoustic cavity mode [18] .
In this experiment a GaAs/AlAs superlattice has been studied to show the potential of the 10 GHz ASOPS system to detect and resolve very small reflectivity changes. The superlattice structure is formed by 40 periods grown on a (001) orientied GaAs substrate. Each period consists of 19 monolayers of the two constituents. 100 mW of the pump laser are focused through a 40 mm lens under an angle onto the sample surface. For probing the induced dynamics 10 mW of the probe laser are focused using a 30 mm lens and the back-reflected light is collected through the same lens, split-off and focused onto a 125 MHz photoreceiver. The used repetition rate was f R = 10.011 25 GHz and the repetition rate offset was ∆ f = 100 kHz. The measured transient after 10.24 million averages is shown in 7(a). The total measurement time was again 204.8 seconds. The red solid part of the curve marks the evaluated subset of the transient from 5 ps to 97 ps. The inset shows the extracted oscillations by removing the background carrier dynamics. The signal shows a decaying oscillation with a strong beat modulation. To identify the individual contributions the Fourier spectrum is calculated and plotted in Fig. 7(b) . The upper part of the graph shows the calculated dispersion relation using the Rytov model. Material density and sound velocity parameters have been taken from [36] and the individual layer thickness have been fitted to 5.59 nm for the GaAs layer and 5.46 nm for the AlAs layer to match the experimental data. The spectrum shows three distinct contributions to the oscillatory behaviour. The two tripplets at 460 GHz and 920 GHz can be identified as the first-and second-branch zone-center mode and the back-scattered q = 2 · k laser Raman modes. The strong low-frequency modulation can be identified as Brillouin oscillation at a frequency of 50 GHz.
Conclusion
We have presented a time-domain spectroscopy system based on two Ti:sapphire oscillators with 10 GHz repetition rate. To our knowledge this is the highest pulse repetition rate ever used for pump-probe spectroscopy using Ti:sapphire lasers. At a repetition rate offset of 100 kHz and above this asynchronous optical sampling system reaches a pump-probe noise floor of 10 −6 in less than one second and allows measuring close to the shot noise limit. The temporal resolution is 100 fs which is at the moment limited by chromatic dispersion in the setup as no pulse compression is applied. A timing jitter induced signal distortion of less than 10 fs is achieved. To demonstrate the capabilities of the system broadband terahertz absorption spectra of water vapor and gaseous methanol have been measured and compared to spectroscopic databases. Furthermore the ability to detect 10 −7 reflectivity changes was validated by measuring coherent zone-folded acoustic phonons in a semiconductor superlattice in accordance to earlier experiments with lower repetition rate systems. This new 10 GHz asynchronous optical sampling system enables advanced experiments like resonant driving of acousting excitations, line-by-line pulse shaping, dual-comb sampling and kinetic terahertz absorption spectroscopy. 
